In just the past 5 years, dramatic changes have occurred in the clinical management of tuberous sclerosis complex (TSC). Detailed knowledge about the role of the TSC proteins in regulating the activity of the mammalian target of rapamycin complex 1 (mTORC1) underlies this paradigm-shifting progress. Advances continue to be made in understanding the genetic pathogenesis of the different tumours that occur in TSC, including pivotal discoveries using next-generation sequencing (NGS). For example, the pathogenesis of angiofibromas is now known to involve UV-induced mutations, and the pathogenesis of multifocal renal cell carcinoma (RCC) in TSC is now known to result from distinct second-hit mutations. In parallel, the pathological features of TSC-associated tumours, including TSC-associated renal cell carcinoma, continue to be defined, despite the fact that TSC was first described 180 years ago. Here, we review recent discoveries related to the pathological features and genetic pathogenesis of TSC-associated tumours.
Introduction
Tuberous sclerosis complex (TSC) is a disease known for its phenotypic heterogeneity [1] . It was first described nearly 180 years ago. In the late nineteenth century, it was identified by simple clinical observations of cortical and dermatological features and has further developed with pathological studies and technological advances of imaging methods during the late twentieth century. The power of next-generation sequencing (NGS) allows for in-depth genetic analysis that was never before possible. In parallel, disease phenotypes, such as in renal cell carcinoma (RCC), are being better classified in part because of greater awareness and worldwide collaboration. Major advances are occurring at a more rapid pace now than ever before, from genetic, pathological, and clinical perspectives. Here, we focus on recent developments in the pathological features and genetic pathogenesis of tumours in TSC.
Tuberous sclerosis complex
The clinical manifestations of TSC are quite distinctive and include hamartomatous lesions of the brain, skin, heart, lungs, and kidneys, in addition to a wide spectrum of neurological features, including seizures, autism, and cognitive disability [2] . The tumours in TSC develop following inactivation of both alleles of either TSC1 or TSC2 genes, consistent with the 'two-hit' Knudson tumour suppressor gene hypothesis [3] . The products of these genes, the TSC1 and TSC2 proteins, form a complex with TBC1D7, known as the TSC protein complex [4] . The TSC protein complex acts via the small GTPase Rheb to regulate the activity of the mechanistic or mammalian target of rapamycin complex 1, also known as mTORC1. Tumour cells in tuberous sclerosis have hyper activation of the mTORC1 signalling network. This results in increased protein translation and cell growth, decreased autophagy, and metabolic adaptations that include increased nucleotide synthesis, as recently reviewed elsewhere [4] [5] [6] . These findings led to the use of allosteric inhibitors of mTORC1, such as sirolimus (rapamycin) and everolimus (Afinitor), to restore homeostasis to TSC-deficient cells [7] ( Figure 1 ). These agents, referred to as rapalogs, are now FDA-approved for the treatment of subependymal giant cell astrocytomas (SEGAs), lymphangioleiomyomatosis, and angiomyolipomas, following a series of pivotal clinical trials, as recently reviewed [2] . Importantly, rapalogs have a cytostatic effect on tumours in TSC, with suppression while on therapy and regrowth when therapy is discontinued. Figure 1 . TSC/mTORC1 signalling and rapamycin. Mutations in TSC1 or TSC2 result in hyperactivation of mTORC1, which in turn results in increased metabolic adaptations that include increased nucleotide synthesis, protein translation, and cell growth, in addition to decreased autophagy. Allosteric inhibitors of mTORC1, such as rapamycin, are used to restore homeostasis to TSC-deficient cells.
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Genetics/mosaicism
TSC is an autosomal dominant disorder caused by mutations in either the TSC1 or TSC2 gene [2, 8] . Patients with TSC1 mutations develop less frequent and less severe phenotypes than patients with TSC2 mutations [9, 10] . TSC1 is located on chromosome 9q34 (MIM 191100) [11] and has been shown to be mutated in ∼20% of patients with a clinical diagnosis. The majority of TSC1 mutations are small truncating nonsense and insertion or deletion mutations, with only a small number of functionally confirmed missense mutations [12] . TSC2 is located on chromosome 16q13 (MIM 191092) [13] and is mutated in ∼70% of TSC cases. All mutations in the TSC1 and TSC2 genes are believed to result in loss of function of the TSC1 or TSC2 proteins, which are also referred to as hamartin and tuberin, respectively [14] [15] [16] . One third of TSC cases are familial and two-thirds are sporadic, occurring in the absence of a family history and attributed to de novo mutations [17, 18] . Somatic mosaic mutations have been reported in TSC, and patients showing somatic mosaicism tend to be more mildly affected [19, 20] (Figure 2 ).
Recent advances
Until recently, it was believed that the 10% of patients with definite clinical features of TSC but who lacked a detectable mutation in TSC1 or TSC2 (no mutation identified: NMI) could have a mutation in a third unknown gene, tentatively designated 'TSC3'. However, very recent work indicates that the majority of these patients have either a genetically mosaic form of TSC or an intronic mutation that could not have been detected using conventional screening methods. Two groups have used next-generation sequencing (NGS) to analyse the entire genomic extent of TSC1 and TSC2 in TSC NMI patients [21, 22] . Nellist et al analysed DNA from seven NMI patients with definite diagnoses of TSC by clinical parameters using targeted NGS. Nineteen new variants were identified that were missed by conventional genetic testing, with pathogenic mutations confirmed in 43% of NMI patients. A previously missed germline mutation was detected in one individual and mosaic mutations in two individuals, with the remaining patients having variants of unconfirmed clinical significance [21] . Similarly, Tyburczy et al analysed 53 TSC patients who were NMI after prior conventional testing, using blood and saliva DNA samples in addition to biopsies from skin tumours [22] . NGS identified mutations in the majority (85%) of the NMI patients, with 82% detected in the TSC2 gene and 18% in the TSC1 gene, similar to the general distribution of mutations. Heterozygous non-mosaic mutations in coding exons and consensus splice sites were identified in 11% of the samples and were presumably missed by previous conventional screening. Mutations in the introns, non-coding regions of the genes, were detected in 40% of the NMI samples, 33% of which were mutations that have not been previously reported. Genetic mosaicism was detected in 58% of the samples, thus explaining the majority of the NMI cases in this study. Mosaic mutations consisted of small insertions and deletions, larger genomic deletions, and nonsense, splice site, and missense mutations. The allele frequency of mutations ranged from 0.21% to 34%, and increased allele frequency was detected in the cutaneous tumours compared with the blood and saliva samples. In one particular case of so-called extreme germline mosaicism (meaning that the level of mosaicism appears to be very low), no Recent findings demonstrate that patients with no detectable TSC1 or TSC2 mutation in their peripheral blood cells often have somatic mosaicism. The disease phenotype tends to be milder, since not all organs or all cells in an organ have the mutation. The mutation can sometimes be detected at very low levels in the blood. A somatic 'second-hit' mutation inactivating the wild-type allele is required for tumours to develop. mutations were detectable in the blood and saliva, while an indel and a missense mutation were detected in an angiofibroma at frequencies of 4.6% and 2.7%, respectively. Analysis of additional angiofibromas from the same patient identified the indel mutation at a frequency of 0.86-2.3%, indicative of germline mosaicism for the indel mutation [22] . Together, these findings make the possibility of a third germline TSC-causing gene unlikely. They also highlight the importance of full gene coverage and the challenges of detecting mosaic mutations even when using NGS.
Angiofibromas
Angiofibromas are one of the characteristic skin lesions of TSC, typically occurring on the face. Three or more facial angiofibromas are one of the major diagnostic criteria for TSC [23] . Other skin lesions in TSC include shagreen patches, periungual fibromas, and hypomelanotic macules. Angiofibromas are rarely seen in infants and typically begin to become evident between 3 and 5 years of age, with increasing severity in teenage years [24] . Angiofibromas are benign tumours composed of fibroblast-like cells, fibrous tissue and vessels, and hair follicles [25, 26] .
Like other tumours in TSC, the lesional cells in angiofibromas undergo a 'second-hit' mutation that inactivates the wild-type allele, and loss of function of the TSC1-TSC2 complex, which then activates signalling through the mammalian/mechanistic target of rapamycin complex 1 (mTORC1) [27] . Importantly, in angiofibromas, it is the fibroblast-like cells, and not the vascular elements, that have sustained the genetic second-hit events and are believed to be causal, based on the observation that fibroblast-like cells grown from most TSC skin hamartomas showed allelic deletions of TSC2, but no evidence of such second-hit mutations in the epidermis of the tumour [28, 29] . It is speculated that these fibroblasts are derived from mesencephalic neural crest [30] , thereby explaining the facial distribution of angiofibromas. The mechanisms through which the mesenchymal tumour cells carrying TSC2 mutations influence the wild-type epidermal cells in angiofibromas are beginning to be understood. The release of epiregulin, an epidermal growth factor (EGF)-related growth factor, by fibroblast-like cells may be a key element [28] .
Recent advances
In striking contrast to other TSC-associated tumours, the second-hit somatic mutations in angiofibromas are distinctive. Tyburczy et al [27] analysed more than 50 skin samples from 22 TSC patients using NGS. The majority (89%) of the second-hit mutations that were identified were small insertion/deletions or point mutations, in contrast to the large genomic deletions or recombination events that are typically detected as loss of heterozygosity (LOH), such as in angiomyolipomas, in which ∼70% of the second-hit events are LOH mutations. Most remarkably, 50% of the somatic point mutations were CC > TT, indicative of sunlight-induced DNA damage [31] . These findings suggest for the first time that sun exposure is the initiating event in the genetic pathogenesis of facial angiofibromas.
Angiomyolipomas
Angiomyolipomas (AMLs) and cysts are the most common renal manifestations of TSC, found in 17% of children with TSC by age 2 years and increasing to 65% of children 9-14 years old [32, 33] . Approximately 80% of adults with TSC have AMLs, which can progress with age and can rupture, resulting in life-threatening haemorrhage [33] [34] [35] . AMLs frequently show LOH for either TSC1 or TSC2 and activation of mTORC1 is consistently seen in AML tissues, including sporadic AMLs from patients without TSC [36] [37] [38] . Interestingly, in AML, all three lineages (smooth muscle, fat, and vascular elements) have second-hit mutations with inactivation of TSC1/TSC2, as evidenced by LOH, in contrast to angiofibromas, where only the fibroblast population has inactivation of both copies of TSC1/TSC2. The mechanisms underlying this tri-lineage differentiation, and the cell-of-origin of AMLs, are not completely understood.
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Recent advances
Until recently, it was unknown whether somatic genetic events (in addition to inactivation of TSC1/TSC2) participated in the progression of AMLs; however, a recent whole-exome sequencing study found that biallelic loss of TSC1/TSC2 was the primary and sufficient driver of AMLs [39] . Whole-exome sequencing was performed to generate a comprehensive genomic landscape of 32 tumours (30 angiomyolipomas and two LAM-associated tumours). There were three TSC patients, one of whom had 16 AMLs. Eleven samples were sporadic AMLs obtained from patients without TSC, including two patients with LAM. Biallelic loss of TSC1/TSC2 was found in 30 of the 32 samples. The TSC1/TSC2 mutations identified included large deletions, point mutations, indels, and copy neutral loss of heterozygosity. For the TSC patient with 16 tumours, most showed distinct second-hit events suggesting independent origins for each tumour, although some lesions had the same mutations and presumably had a common clonal ancestry. This analysis revealed an extremely low mutation incidence of an average of four non-synonymous exonic variants/mutations per sample, indicating that the somatic mutation rate is very low in AMLs, especially when compared with malignant tumours. Approximately 38% of the mutations were subclonal and 87% were missense mutations, approximately half of which were unlikely to exert any functional effects. Missense mutations of unknown biological relevance were identified in three cancer-associated genes: BAP1, ARHGAP35, and SPEN. These mutations occurred within a single AML each. Distinct mutations were identified in TRIP12 in two different AMLs. A single loss-of-function mutation in GSK3B was identified with potential relevance to the mTOR pathway. This extremely low incidence of mutations suggests that TSC1/TSC2 loss is the primary event supporting the initiation and progression of AMLs [39] , although other events including microRNA changes and epigenetic changes have not been excluded.
Several recent papers have addressed the cell-oforigin of AMLs. Based on the diversity of cells and markers, multiple origins have been proposed: neural crest progenitor, renal pericytes, and, most recently, lymphatic endothelial cells (LECs). During development, neural crest cells migrate throughout the embryo to form critical mesodermal structures including blood vessels, melanocytes, adipose, membranous bone, and connective tissue [30] . Neural crest progenitors give rise to most or all pericytes in the adult. Renal pericytes are also a proposed cell-of-origin, as they not only share plasticity with interstitial fibroblasts but also support microvasculature and accumulate lipids [40] . An alternative hypothesis for AML pathogenesis is that TSC1/TSC2 loss drives the acquisition of plasticity and multipotency, and acquisition of hallmark AML features [41] . TSC2-null cells re-expressing TSC2 acquire LEC markers. These data suggest that AMLs might arise from LECs 'reprogrammed' by TSC loss and subsequent mTORC1 hyperactivation [42] .
Renal cell carcinoma (RCC)
RCC in TSC patients has been recognized for many years [43] , but the precise incidence, histological features, and prognosis have been challenging to define because it is a relatively uncommon manifestation of TSC [43] [44] [45] . Interestingly, there are multiple reports of TSC-associated RCC in children and young adults, and among individuals with TSC who develop RCC, multiple bilateral tumours appear to occur at a higher than expected frequency.
Recent advances
In a recent study, 46 renal epithelial neoplasms from 19 individuals were classified into three TSC-associated RCC types. The average age of the patients at first diagnosis was 30 years, and 12 were women. The largest group of tumours comprised 24 lesions with complex papillary architecture, designated TSC-associated papillary RCC (PRCC). These tumours showed loss of succinate dehydrogenase subunit B (SDHB) staining, suggesting a role of mitochondrial dysfunction in the pathogenesis of these distinctive tumours. The next largest group comprised 15 tumours morphologically characterized as hybrid oncocytoma/chromophobe tumours (HOCTs). A second study of 57 RCCs from 18 patients (13 female and five male) with a mean age of 42 years showed three major morphological subtypes of RCC: 30% similar to 'renal angiomyoadenomatous tumour' or 'RCC with smooth muscle stroma'; 59% similar to chromophobe RCC; and 11% with granular eosinophilic-macrocystic morphology [44] . Together, these studies conclusively demonstrate that TSC-associated RCCs represent distinctive subtypes of RCC. Much more work is needed to understand the morphological heterogeneity within these tumours and the relationship between morphology and prognosis. It is clear from these two recent reports of multiple TSC-associated RCCs that the phenotypic diversity defies straightforward classification systems that are used for sporadic RCC. Ultimately, a genetic classification system may be preferable, as opposed to a histopathological classification. At this point, there is very little information about whether TSC-RCCs respond to rapalogs and/or conventional therapies for RCC. The diagnosis of RCC in TSC patients remains extremely challenging because they are uncommon and often difficult to distinguish from fat-poor angiomyolipomas (AMLs) using conventional imaging techniques. Needle biopsy is often recommended to distinguish RCC from AMLs and avoid unnecessary surgical procedures.
Important insights into the genetic pathogenesis of TSC-associated RCC were obtained using targeted NGS of nine RCCs from two TSC patients (one male and one female). These analyses revealed that the RCCs arise independently, due to distinct second-hit events leading to biallelic inactivation of TSC2 [46] . Previously, it was not known whether TSC patients with multiple RCCs had intrarenal metastasis of a single tumour clone versus multifocal tumour development. The mechanisms through which an individual TSC patient would be predisposed to develop many RCCs (while the overall incidence of RCC in TSC is relatively low) are completely unknown. Additional whole-exome analysis of the TSC-RCCs in this study did not identify additional 'drivers' of tumour progression, similar to the results in the angiomyolipoma study described above, but even more surprising since these RCCs are malignant tumours. Mutations were identified in RASA1 and TACC3, but occurred at a low allele frequency. No mutations were identified in canonical pathways associated with RCC including VHL. Interestingly, no mutations in SDHB were identified, suggesting that epigenetic down-regulation of SDHB may be responsible for the loss of SDHB protein expression in a subset of TSC-associated RCCs.
These data further highlight the unique features of TSC-associated RCCs including morphological heterogeneity and the surprising clinical finding that while RCCs are uncommon in TSC, some patients develop multiple bilateral RCCs. It seems clear that additional environmental, genetic, epigenetic, and metabolic factors must cooperate in the pathogenesis of RCC in TSC, which may have therapeutic implications for TSC-RCC and RCC more generally.
Lymphangioleiomyomatosis (LAM)
LAM is the primary pulmonary manifestation of TSC. LAM is characterized by cystic lung destruction, pneumothorax, and chylous pleural effusion [47] . Eighty per cent of women with TSC have CT-scan evidence of LAM by age 40, and 10-13% of men with TSC have lung cysts [48] , although for both men and women the disease is often asymptomatic. The vast majority of symptomatic LAM cases occur in women, but there are a few cases of biopsy-documented male LAM [49] . Symptomatic LAM, occurring in ∼5-10% of women with TSC, is characterized by shortness of breath, fatigue, and chest pain, and can lead to respiratory failure [2] . Symptomatic LAM can occur in individuals with a wide range of mutations that inactivate TSC1 or TSC2, with mutations in TSC2 being more common [50, 51] . LAM tends to progress more rapidly in premenopausal women than in postmenopausal women [52] , and there have been reports of worsening of symptoms during pregnancy. These clinical reports, in addition to studies showing that LAM cells express oestrogen receptor-α and progesterone receptor [53] , suggest that the progression and/or development of LAM might be dependent on these female sex hormones.
Multifocal micronodular pneumocyte hyperplasia (MMPH), another pulmonary manifestation of TSC, can occur in both men and women and is usually asymptomatic [50, 54, 55] . MMPH presents with multiple diffuse pulmonary nodules that pathologically show proliferation of alveolar type II cells [56, 57] . The overall incidence of MMPH in tuberous sclerosis is not well defined. The genetic mechanisms of MMPH and the role of somatic inactivation of TSC1/TSC2 are not yet well understood.
TSC-associated LAM is caused by the diffuse, bilateral proliferation of so-called 'LAM cells' that carry biallelic inactivation of TSC1 or TSC2. LAM can also occur in a sporadic form, in women who do not have TSC. It was previously shown that LAM cells from women with sporadic LAM carry biallelic somatic TSC mutations [58] , and circulating LAM cells with LOH for the region of chromosome 16p13 containing TSC2 have been detected in the blood of a majority of women with sporadic LAM [59] [60] [61] , consistent with Knudson's 'two-hit' hypothesis [62] . In addition to blood, circulating LAM cells have been isolated from urine, chyle, and bronchoalveolar lavage fluid (BALF) of LAM patients [60, 61, 63] and have been documented in the uterus [64] . LAM cells have also been identified in the lungs of some LAM patients after transplantation [65] .
Recent advances
In a study by Cai et al, two cell surface proteins were identified that could be used to isolate circulating LAM cells, namely, CD44v6 and CD9 [60] . Upon analysis of these isolated cells from blood, chyle, urine or BALF of sporadic LAM patients, it was shown that they have identical TSC2 LOH patterns in the majority of cases, again supporting the hypothesized metastatic nature of LAM cells through the blood and/or lymphatic circulatory systems [66] . In a small group of sporadic LAM patients, LAM cells showed both genetic and phenotypic heterogeneity [60] . In a another recent study [67] , careful microdissection of LAM nodules from women with sporadic LAM revealed inactivating TSC2 mutations in 8/10 cases, but surprisingly these mutations were present in only 4-60% of the microdissected cells, which were selected based on smooth muscle actin (SMA) and HMB-45 positivity. This suggests that the LAM nodules are genetically heterogeneous, containing both TSC2-mutant cells and wild-type cells. The origin of these wild-type cells and their role in the pathogenesis of LAM are not yet well understood. Furthermore, the study showed that two of the cases had no detected mutations in either TSC1 or TSC2, which might indicate that an alternative genetic mechanism is contributing to the pathogenesis of sporadic LAM. If another mTOR-independent mechanism is involved in a subset of LAM, this might help to explain why some sporadic LAM patients have continued lung function decline during treatment with the mTORC1 inhibitor sirolimus/ rapamycin, while the majority of patients have a response to rapamycin [52] .
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Conclusions
The recent clinical progress in TSC has been stunning, with effective therapy (mTORC1 inhibition) now available to decrease the size of SEGAs, and angiomyolipomas, and delay the loss of lung function in LAM. mTORC1 inhibitors result in a cytostatic response, with tumour regrowth upon discontinuation. Therefore, continuous therapy is required. Complete, durable responses, and ultimately prevention and/or cure for TSC-associated tumours, are the next goals. Many critical questions remain unanswered. What is the cell-of-origin for the unusual tumour types in TSC, including LAM and angiomyolipomas? Are genetic second-hits present in all TSC tumours, including MMPH and renal cysts? Given that the number of additional mutations in angiomyolipomas appears to be extremely low, yet these tumours can grow to a large size, are there other cooperating events not detected by whole-exome analyses, such as epigenetic changes or microRNA alterations, that participate in the initiation and/or progression of individual tumours? Are there germline alterations in modifying genes that influence the number and size of tumours in TSC? Which pathways and mechanisms are common to all tumours and which are organ-specific? Understanding the genetics and pathobiology of tumours in TSC is the key to future therapeutic progress and prevention.
